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Abstract
We present a class of left-right symmetric models where Dirac as well as Majorana mass terms
of neutrinos can arise at one-loop level in a scotogenic fashion: with dark matter particles going
inside the loop. We show the possibility of naturally light right handed neutrinos that can have
interesting implications at neutrinoless double beta decay experiments as well as cosmology. Apart
from a stable dark matter candidate stabilised by a remnant Z2 symmetry, one can also have a long
lived keV sterile neutrino dark matter in these models. This class of models can have very different
collider signatures compared to the conventional left-right models.
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I. INTRODUCTION
Left-right symmetric model (LRSM) [1, 2] has been one of the most widely studied beyond
standard model (BSM) scenarios in the last few decades. The model not only explains the
sub-eV neutrino mass [3–8] naturally through seesaw mechanisms [9–12] but also gives rise to
low energy parity violations though spontaneous breaking of a parity preserving symmetry
at high scale that can also be incorporated within grand unified theory groups like SO(10)
naturally. The minimal version of this model give rise to tiny neutrino masses through a
combination of type I [9] and type II [10, 11] seesaw mechanisms. Due to the structure of
type I seesaw term, one usually has heavy right handed neutrinos in such a model, in order
to generate sub-eV neutrino mass from type I seesaw. In TeV scale LRSM, one can have
right handed neutrino mass MR ≈ 1 TeV (say) which can give sub-eV light neutrinos from
type I seesaw if the Dirac neutrino Yukawa couplings should be fine tuned to Yν ≤ 10−5.5.
Similar fine-tuning is also involved in the type II seesaw term as we discuss in the next
section. Such fine-tunings become more severe if we wish to keep one or two of the right
handed neutrinos at very light scale, say between eV to keV. Such light sterile neutrinos could
have very interesting implications for low energy neutrino oscillation experiments [13–17],
neutrinoless double beta decay (0νββ) [18–20], dark matter [21] and cosmology in general
[22, 23].
The LRSM also received significant attention after the recent hints from the large hadron
collider (LHC) about the possibility of TeV scale new physics: the CMS eejj excess [24],
the ATLAS diboson excess [25] and more recently, the 750 GeV diphoton excess [26–28].
The first two excesses around 2 TeV can be explained within a version of LRSM where the
discrete left-right symmetry (to be introduced below) gets broken at a high energy scale [29]
whereas the gauge symmetry of LRSM remains unbroken all the way down to the TeV scale.
The recent 750 GeV diphoton excess can however, be explained within LRSM framework
only when it is extended with additional vector like fermions [30–33] or with fields having
high SU(2) dimensions [34]. The vector like fermions, as discussed in these works, can serve
three purposes: (i) to explain the large diphoton cross section at 750 GeV, (ii) to provide
masses to all the fermions of the standard model (SM) through a universal seesaw mechanism
[35, 36] and (ii) to assist in gauge coupling unification [32, 33]. This model can also have
interesting implications for cosmology [37] and 0νββ [38].
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In the present work, we study a class of left-right symmetric models to see the possibility
of having light sterile neutrinos at a scale much below the scale of left-right symmetry.
Typically, the right handed neutrinos in LRSM have masses around the scale of left-right
symmetry. Thus, in TeV scale LRSM, one usually have right handed neutrinos in the GeV
to TeV range. If we fine tune the Yukawa couplings to be as small as electron Yukawa, then
we can get right handed neutrinos of the order of tens of MeV. We therefore study some non-
minimal versions of LRSM where one can have light right handed neutrinos in the eV-keV
regime even with order one Yukawa couplings. Starting with the LRSM having universal
seesaw for all fermions, we explore a few other possibilities: (i) light neutrinos as Dirac
fermions, (ii) both left and right handed neutrinos acquire Majorana mass terms through
radiative type II seesaw and (iii) left handed neutrinos acquire masses through radiative type
I seesaw. In all of these possibilities, we consider additional discrete symmetries to stabilise
the particles going inside the loops so that the lightest neutral particle among them can be
a cold dark matter (CDM) candidate. This follows the basic idea of scotogenic models first
proposed by [39]. Apart from the stable cold dark matter candidate, these models can also
have a long lived keV scale right handed neutrino that can be a warm dark matter (WDM)
candidate. Such keV scale sterile neutrino dark matter within minimal LRSM was discussed
by [40, 41] and a radiative neutrino mass model with both cold and warm dark matter
components have been proposed recently by [42]. We also discuss the possible implications
of these scenarios in 0νββ, collider experiments and cosmology.
In all the models we discuss in this work, there exists additional vector like fermions which
are singlets under the left-right gauge symmetry. Since they are singlets, their bare mass
terms can be written in the Lagrangian and the symmetry of the theory does not restrict
their masses to the TeV scale. In a generic theory, one expects these bare mass terms to
be close to the grand unified theory (GUT) scale or the Planck scale. This is in contrast
with the minimal LRSM where all the fermions acquire masses as a result of spontaneous
gauge symmetry breaking. One can however introduce a discrete Z2 symmetry forbidding
the bare mass terms of vector like fermions in a way that was shown by the authors of
[30]. Another singlet scalar with appropriate Z2 charge can be introduced in such a way
to give rise to a Yukawa term for the vector like fermions. This singlet scalar can then
acquire a non-zero vacuum expectation value (vev) and explain the masses of the vector
like fermions in a dynamical manner. Also, the fermion content of minimal LRSM can be
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accommodated within the spinor representation 16 of SO(10) GUT models which is not
possible in the present class of models. Although the present class of models can give rise
to gauge coupling unification [32, 33], the GUT group should be bigger than the minimal
SO(10) to accommodate the vector like fermions.
This article is organised as follows. In section II, we briefly discuss the minimal LRSM and
then discuss the LRSM with universal seesaw in section III. In section IV we discuss different
possible versions of scotogenic LRSM where neutrinos acquire masses at one loop level with
dark matter particles going inside the loops. In section V, we discuss the possibilities of
light sterile or right handed neutrinos in these models followed by their implications in
0νββ and colliders in section VI and VII respectively. We then comment upon cosmological
implications of these scenarios in section VIII and finally conclude in section IX.
II. MINIMAL LEFT-RIGHT SYMMETRIC MODEL (MSLRM)
Left-Right Symmetric Model [1, 2] is one of the best motivated BSM frameworks where
the gauge symmetry of the electroweak theory is extended to SU(3)c×SU(2)L×SU(2)R×
U(1)B−L. The right handed fermions are doublets under SU(2)R similar to the way left
handed fermions transform as doublets under SU(2)L. The requirement of an anomaly free
U(1)B−L makes the presence of right handed neutrinos a necessity rather than a choice. To
allow Dirac Yukawa couplings between SU(2)L,R doublet fermions, the Higgs field has to
transform as a bidoublet under SU(2)L,R. In order to break the gauge symmetry of the
model to that of the SM spontaneously, scalar triplet fields with non-zero U(1)B−L charges
are introduced, which also give Majorana masses to the left and right handed neutrinos.
The fermion content of the minimal LRSM is
QL =

 uL
dL

 ∼ (3, 2, 1, 1
3
), QR =

 uR
dR

 ∼ (3∗, 1, 2, 1
3
),
ℓL =

 νL
eL

 ∼ (1, 2, 1,−1), ℓR =

 νR
eR

 ∼ (1, 1, 2,−1)
Similarly, the Higgs content of the minimal LRSM is
Φ =

 φ011 φ+11
φ−12 φ
0
12

 ∼ (1, 2, 2, 0)
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∆L =

 δ+L /
√
2 δ++L
δ0L −δ+L /
√
2

 ∼ (1, 3, 1, 2), ∆R =

 δ+R/
√
2 δ++R
δ0R −δ+R/
√
2

 ∼ (1, 1, 3, 2)
where the numbers in brackets denote the transformations of the fields under the gauge
group SU(3)c × SU(2)L × SU(2)R × U(1)B−L. During the spontaneous symmetry breaking
of LRSM gauge group down to the SM gauge group, the neutral component of the Higgs
triplet ∆R acquires a non-zero vev after which the neutral components of Higgs bidoublet Φ
acquire non-zero vev’s to break the SM gauge symmetry into the U(1) of electromagnetism.
This symmetry breaking chain can be denoted as:
SU(2)L × SU(2)R × U(1)B−L 〈∆R〉−−−→ SU(2)L × U(1)Y 〈Φ〉−→ U(1)em
Denoting the vev of the two neutral components of the bidoublet as k1, k2 and that of
triplets ∆L,R as vL,R and considering gL = gR, k2 ∼ vL ≈ 0 and vR ≫ k1, the approximate
expressions for gauge boson masses after symmetry breaking can be written as
M2WL =
g2
4
k21, M
2
WR
=
g2
2
v2R
M2ZL =
g2k21
4 cos2 θw
(
1− cos
2 2θw
2 cos4 θw
k21
v2R
)
, M2ZR =
g2v2R cos
2 θw
cos 2θw
where θw is the Weinberg angle.
The relevant Yukawa couplings for fermion masses can be written as
LIIν = yij ℓ¯iLΦℓjR + y′ij ℓ¯iLΦ˜ℓjR + Yij q¯iLΦqjR + Y ′ij q¯iLΦ˜qjR + h.c.
+ fij
(
ℓTiR C iσ2∆RℓjR + (R↔ L)
)
+ h.c. (1)
where Φ˜ = τ2Φ
∗τ2. In the above Yukawa Lagrangian, the indices i, j = 1, 2, 3 correspond to
the three generations of fermions. The Majorana Yukawa couplings f is same for both left
and right handed neutrinos because of the in built left-right symmetry (fL = fR). These
couplings f give rise to the Majorana mass terms of both left handed and right handed
neutrinos after the triplet Higgs fields ∆L,R acquire non-zero vev. Although it is the ∆R field
which gets a vev at high scale breaking the left-right symmetry, the subsequent electroweak
symmetry breaking induces a non-zero vev to the left handed counterpart. The induced vev
for the left-handed triplet vL can be shown for generic LRSM to be
vL = γ
M2WL
vR
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with MWL ∼ 80.4 GeV being the weak boson mass such that
|vL| << MWL << |vR|
In general γ is a function of various couplings in the scalar potential of generic LRSM. Using
the results from Deshpande et al., [2], γ is given by
γ =
β2k
2
1 + β1k1k2 + β3k
2
2
(2ρ1 − ρ3)(k21 + k22)
(2)
where β, ρ are dimensionless parameters of the scalar potential. Without any fine tuning γ
is expected to be of the order unity (γ ∼ 1). However, for TeV scale type I+II seesaw, γ has
to be fine-tuned as we discuss later. The type II seesaw formula for light neutrino masses
can now be expressed as
Mν = γ(MWL/vR)
2MRR −mLRM−1RRmTLR (3)
If we consider the first term on the right hand side of the above expression, one can make an
estimate of neutrino mass for TeV scale LRSM. Considering vR ∼ 6 TeV, the type II seesaw
term will be of the order of light neutrino mass Mν ∼ 0.1 eV if
γ ≈ 5.6× 10
−7
MR
where MR is the right handed neutrino mass. Thus, for TeV scale right handed neutrino
masses, the dimensionless parameter γ is fine tuned to the level of 10−10 − 10−9 in order to
get correct order of neutrino masses. This will involve unnatural fine tuning of the scalar
potential parameters appearing in the expression for γ given in (2). Similar but slightly less
fine tuning is involved in the type I seesaw term for TeV scale MRR. The Dirac Yukawa
couplings should be fine tuned to around 10−6 − 10−5 in order to get light neutrino mass of
order 0.1 eV.
III. LRSM WITH UNIVERSAL SEESAW
In minimal LRSM with Higgs bidoublet and Higgs triplets discussed above, the light
neutrino masses arise at tree level. If the triplets are replaced by Higgs doublets, then
additional fermions are required for seesaw mechanisms. In the absence of them, neutrinos
have only a Dirac mass term due to the bidoublet, which typically is of the order of charged
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lepton masses. Thus, the tree level Dirac mass term of neutrinos can be prevented only in
the absence of Higgs bidoublet. Indeed, LRSM without Higgs bidoublet has found some
attention in the literature [35, 36]. This model was studied later in the context of cosmology
[37] and neutrinoless double beta decay [38]. Very recently this model was also studied in
the context of 750 GeV di-photon excess at LHC [26–28] by several authors [30–33]. The
model has additional vector like fermions in order to generate all the fermion masses from
universal seesaw. The fermion content of the LRSM with universal seesaw is the extension
of the MLRSM fermion content by the following vector like fermions
UL(3, 1, 1,
4
3
), UR(3
∗, 1, 1,
4
3
) DL(3, 1, 1,−2
3
), DR(3
∗, 1, 1,−2
3
)
EL,R(1, 1, 1,−2), NL,R(1, 1, 1, 0)
per generation of quarks and leptons. Instead of Higgs bidoublet, this model has a pair of
Higgs doublets
HL(1, 2, 1,−1), HR(1, 1, 2,−1)
The non-zero vev of the neutral component of HR also breaks the SU(2)R × U(1)B−L
symmetry of the model into U(1)Y of the standard model. The left handed Higgs doublet
can acquire a non-zero vev vL at a lower energy to induce electroweak symmetry breaking.
However, the left-right symmetry of the theory forces one to have the same vev for both HL
and HR that is, vL = vR which is unacceptable from phenomenological point of view. To
decouple these two symmetry breaking scales, the extra singlet scalar σ is introduced into
the model. This field is odd under the discrete left-right symmetry and hence couple to the
two scalar doublets with a opposite sign. After this singlet acquires a non-zero vev at high
scale, this generates a difference between the effective mass squared of HL and HR which
ultimately decouples the symmetry breaking scales.
Due to the absence of the usual bidoublet, the left and right handed fermion doublets of
the MSLRM can not directly couple to each other. However, they can couple to the scalar
fields HL,R via the additional vector like fermions.
L ⊃ YU(Q¯LHLUL + Q¯RHRUR) + YD(Q¯LH†LDL + Q¯RH†RDR) +MU U¯LUR +MDD¯LDR
+ YE(ℓ¯LH
†
LEL + ℓ¯RH
†
RER) + Yν(ℓ¯LHLNL + ℓ¯RHRNR) +MEE¯LER +M
D
N N¯LNR
+
1
2
MMN (NLNL +NRNR) + h.c. (4)
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After integrating out the heavy fermions, the charged fermions of the standard model develop
Yukawa couplings to the scalar doublet HL as follows
yu = YU
vR
MU
Y TU , yd = YD
vR
MD
Y TD , ye = YE
vR
ME
Y TE
where vR is the vev of the neutral component of HR. The apparent seesaw then can explain
the observed mass hierarchies among the three generations of fermions. The neutrino mass
arises in a more complicated seesaw due to additional Majorana mass terms for NL, NR
shown above. As shown in [37], the neutrino mass matrix in the basis (νL, νR) can have
three independent terms
mL = −Yν vL
MMN
Y Tν vL
mR = −Yν vR
MMN
Y Tν vR
mD = Yν
1
MMN
(MDN )
T 1
MMN
Y †ν vLvR
after integrating out the heavy neutral fermions NL,R. This mass matrix can further be
diagonalised to get the type I seesaw formula for neutrino mass which however, is suppressed
by
(
MD
N
MM
N
)2
compared to mL. Thus, the left and right handed neutrinos have Majorana mass
terms which are related by
mR = mL
v2R
v2L
(5)
If we have a TeV scale left-right symmetry breaking say vR ≈ 6 TeV, then the above relation
says mR ≈ 595mL. Thus for mL ≤ 0.1 eV, the right handed neutrino masses are mR ≤ 59.5
eV. Such light right handed neutrinos will have very interesting implications in cosmology,
collider as well as neutrinoless double beta decay experiments, when the LR gauge boson
masses are around the TeV corner. One can however, keep them hidden in neutrinoless
double beta decay experiments by tuning the ee element of the right handed neutrino mass
matrix to zero. On the other hand, direct search experiments like the LHC search for heavy
neutrinos and WR bosons at 8 TeV centre of mass energy already excludes a wide range of
heavy neutrino masses [43]. However, as can be seen from the mR −MWR exclusion plot
in [43], the experimental sensitivity is not so good for the low mass regime of right handed
neutrinos. Also, a right handed neutrino in the eV-keV regime will not give rise to the same
sign dilepton plus two jets signatures which are being looked at by LHC experiments to put
bounds on mR −MWR parameter space [43]. Such light right handed neutrinos will also
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induce non-unitarity to leptonic mixing matrix of the order
η ≈ mD
mR
≈ M
D
N
MMN
vL
vR
(6)
which will again constrain
MD
N
MM
N
to a small number for TeV scale vR. If we want to keep the
right handed neutrino mass at keV scale, the left-right symmetry breaking scale has to be
vR ∼ 25 TeV, beyond the reach of LHC.
IV. SCOTOGENIC LRSM
Since the TeV scale LRSM with universal seesaw for all fermions generate three ultra
light right handed neutrinos, which may be in conflict with experiments from colliders to
cosmology, one can find suitable alternative to this. One such immediate remedy is to
consider universal seesaw for charged fermions and radiative masses for neutrinos. One such
possibility was discussed very recently in [44] where neutrino mass was generated at two-
loop level along with a bonus of having a long lived keV neutrino dark matter. Here we
consider another possibility of having radiative neutrino mass where the particles running
inside the loop can be stable dark matter candidates. We consider two possibilities where
light neutrinos can be either of Dirac type or of Majorana type.
A. Radiative Dirac Neutrino Mass
Let us consider a version of LRSM with universal seesaw for all the charged fermions
but zero tree level masses for neutrinos. This corresponds to the model discussed above but
without the neutral fermion pairs NL,R. Instead of that, consider the addition of following
particles into the model with their transformations under the LRSM gauge group as well as
an additional symmetry forbidding tree level neutrino mass and guaranteeing the stability of
dark matter. These new particle sector consists of scalar doublets ηL,R and fermion singlets
N . The additional symmetry can either be discrete ZN or a continuous one like U(1)X .
We show one simple example of Z4 in this subsection. The fields taking part in radiative
neutrino mass generation are shown in table I. Since the Higgs doublets HL,R have trivial
transformations under the additional Z4, the usual mass terms for charged fermions are
allowed. All other particles in LRSM with universal seesaw for charged fermions do not
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Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L × P np, P ≡ Z4
HL (1, 2, 1,−1, np) 1
HR (1, 1, 2,−1, np) 1
ηL (1, 2, 1,−1, np) i
ηR (1, 1, 2,−1, np) i
N1 (1, 1, 1, 0, np) i
N2 (1, 1, 1, 0, np) −i
TABLE I. Particle content for radiative Dirac neutrino masses
Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L × P np, P ≡ Z2
ηL (1, 2, 1,−1, np) −1
ηR (1, 1, 2,−1, np) −1
N1 (1, 1, 1, 0, np) −1
TABLE II. Minimum additional fields responsible for radiative Majorana neutrino masses
transform under this additional symmetry. Such a structure of new particles and symmetry
will give rise to the one-loop Dirac neutrino mass shown in figure 1. One loop Dirac neutrino
mass in a scotogenic fashion was first proposed in [45] within a model where the SM gauge
symmetry was extended by U(1)B−L and additional Z2 discrete symmetries.
νi νcj
N1 N2
ηL ηR
〈H0L〉 〈H0R〉
FIG. 1. One-loop Dirac neutrino mass for the particle content shown in table I
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Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L × P np, P ≡ Z4
ηL (1, 2, 1,−1, np) i
ηR (1, 1, 2,−1, np) i
S (1, 1, 1, 0, np) −1
∆L (1, 3, 1, 2, np) −1
∆R (1, 1, 3, 2, np) −1
N1 (1, 1, 1, 0, np) i
TABLE III. Radiative type II seesaw for Majorana neutrino masses
B. Radiative Majorana Neutrino Mass
One-loop Majorana masses of both left and right handed neutrinos shown in figure 2
can be obtained from the additional fields shown in table II. Since the couplings in left and
right sectors are identical due to left-right symmetry, such a diagram will generate identical
Majorana masses for left and right handed neutrinos. Thus, the simple implementation of
the scotogenic idea within LRSM also generates very light right handed Majorana neutrinos
similar to the LRSM with universal seesaw model with TeV scale WR bosons.
One can break the degeneracy between left and right handed neutrino masses by intro-
ducing a pair of scalar triplets ∆L,R similar to the MLRSM. However, since tree level type
II seesaw suffers from fine tuning issues in TeV scale MLRSM as discussed earlier, here we
consider two alternatives: (a) Allow radiative type II seesaw for both left and right handed
neutrinos and (b) Allow tree level coupling of triplets to neutrinos but forbid the induced
vev of left handed triplet; such that the light neutrino mass arises as a consequence of type
I seesaw mechanism where the Dirac mass term arises radiatively.
Model (a): Radiative type II seesaw in LRSM can be implemented with the additional
particle content shown in table III. The relevant one-loop diagrams are shown in figure
3. Since the neutral components of ∆L and ∆R acquire different vev, one can in general
generate different Majorana masses for left and right handed neutrinos. Here also, the ratio
of left and right handed neutrino masses is proportional to vL/vR similar to the type II
seesaw in MLRSM. Thus for TeV scale vR, one has to do fine tuning in the scalar potential
parameters in order to generate a tiny vL.
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νi(ν
c
i ) νj(ν
c
j)
N1 N1
ηL(ηR) ηL(ηR)
〈H0L,R〉〈H0L,R〉
FIG. 2. One-loop Majorana neutrino mass
νi νj
N1 N1
ηL ηL
〈S〉
〈∆0L〉
νci νcj
N1 N1
ηR ηR
〈S〉
〈∆0R〉
FIG. 3. One-loop Majorana neutrino mass
Model (b): In the MLRSM both the scalar triplets couple to leptons such that right
handed neutrinos acquire masses from ∆R vev whereas the left handed ones acquire type
II seesaw mass from left scalar triplet. The left scalar triplet acquires an induced vev after
EWSB by virtue of its couplings to the electroweak bidoublet. In LRSM with Higgs doublets
also, the triplets can couple to the Higgs doublets and the left triplet can acquire a non-zero
vev after EWSB. For TeV scale vR, we usually get a large vL and substantial amount of fine-
tuning is required in order to keep the type II seesaw term at sub-eV scale. We can however,
forbid the doublet-triplet scalar coupling term by introducing additional symmetries, such
12
Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L × P np, P ≡ U(1)X
HL (1, 2, 1,−1, np) nh
HR (1, 1, 2,−1, np) nh
ηL (1, 2, 1,−1, np) n
ηR (1, 1, 2,−1, np) n
∆L (1, 3, 1, 2, np) 0
∆R (1, 1, 3, 2, np) 0
N1 (1, 1, 1, 0, np) n
N2 (1, 1, 1, 0, np) −n
TABLE IV. Radiative type I seesaw for Majorana neutrino masses
that the left handed triplet does not acquire any induced vev after the EWSB. This can be
done with an additional U(1)X gauge symmetry shown in table IV under which the triplet
scalars ∆L,R do not transform. However, due to non-trivial charges of HL,R under U(1)X one
can not write down terms like HTL∆LHL in the scalar potential. This prevents the induced
vev of ∆L and hence the absence of type II seesaw. In this case, neutrinos acquire a Dirac
mass term at one-loop level as seen from figure 1 and right handed neutrinos acquire a
Majorana mass term from the vev of ∆R. The effective light neutrino masses will arise from
a seesaw between Dirac neutrino mass and right handed Majorana neutrino mass, as in the
type I seesaw mechanism.
V. POSSIBILITY OF LIGHT STERILE NEUTRINO
In the models discussed above, one can easily have light sterile neutrinos at eV-keV scale
depending on the left-right symmetry breaking scale vR. In MLRSM also, it is possible to
achieve a keV scale sterile neutrino which can be warm dark matter, by suitable fine-tuning
in the neutrino mass expression from type I seesaw. Such a possibility was discussed in
[40, 41]. For a TeV scale MLRSM, this will involve fine tunings at the level of 10−9 in
the Yukawa couplings appearing in the mass term of right handed neutrinos. Similar fine
tunings will also be required in Dirac Yukawa couplings of neutrinos in order to arrive at
sub-eV or lower light neutrino masses from type I seesaw. In the LRSM with universal
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seesaw discussed in section III, it is easier to achieve light sterile neutrinos without much
fine-tuning. Since the right and left handed neutrino masses are different by a factor
v2
R
v2
L
where vL = 246 GeV is the electroweak vev, one can easily adjust the scale vR in order
to have the desired sterile neutrino spectrum. For example, if we want the heaviest sterile
neutrino mass to be around a few keV, suitable for warm dark matter candidates, we need
to push the left-right breaking scale vR to beyond 60 TeV, far beyond the reach of current
experiments. Thus, in TeV version of this model, there is no dark matter candidate either in
cold dark matter or warm dark matter sectors. However, there can be light sterile neutrinos
around eV scale in the TeV scale version of this model, which can play interesting role in
neutrino oscillation and 0νββ experiments.
In the scotogenic model with purely Dirac neutrinos, the light neutrinos neutrinos are
Dirac fermions similar to the charged fermions of standard model. Such a scenario does
not have any extra sterile species between eV-keV scale. Thus, the dark sector consists of
only cold dark matter in the form of inert Higgs ηL,R or inert singlet fermions N1. For the
simplest scotogenic extension of LRSM with light Majorana neutrinos, the relevant extra
particle content of which is shown in table II, the light neutrino sector consists of three
active and three sterile neutrinos with identical masses. Since similar diagrams with mixed
ηL, ηR internal lines in figure 2 will give rise to active-sterile mixing, such a scenario will be
ruled out constraints from neutrino oscillation experiments. In particular, [46] does a global
analysis of the available data and provides constraints on the active-sterile mixings which
rules out sub-eV sterile neutrinos with identical masses as active neutrinos and large mixing.
In the scotogenic model with radiative type II seesaw, one can have light sterile neutrinos
depending on the vev ratio of ∆0L,∆
0
R. Using the expression from [39] of one-loop neutrino
mass
(mν)ij =
∑
k
hikhjkMk
16π2
(
m2R
m2R −M2k
ln
m2R
M2k
− m
2
I
m2I −M2k
ln
m2I
M2k
)
(7)
where hij are Yukawa couplings for the terms L¯ηLN1 in the Lagrangian, m
2
R,I are the masses
of scalar and pseudoscalar part of η0L and Mk the mass of singlet fermion N in the internal
line. In the simplest assumption of M2k ≈ m20 = (m2R + m2I)/2 we can write down the
expression for light neutrino mass as
(mν)ij =
µvL
16π2
∑
k
hikhjk
Mk
(8)
14
where we have replaced the mass difference m2R −m2I = 2µvL. Such a mass difference arises
from the terms 1
2
(µηTL∆
†
LηL + h.c.) in the scalar potential. The expression for right handed
neutrino mass will be similar with vL being replaced by vR. Taking the maximum possible
value of vL which is around 5 GeV, allowed by ρ parameter constraints [47] one can have the
heaviest right handed neutrino mass at around 120 eV, if we fix the LRSM scale vR to be
6 TeV. For a few keV right handed neutrinos with TeV scale LRSM, one needs to keep vL
at a few tens of MeV. Depending on the hierarchy of light neutrinos, one can also have one
of the sterile neutrinos at sub-eV scale, which may have interesting signatures at neutrino
oscillation experiments. Thus, type II radiative neutrino mass model can have sub-eV sterile
neutrino, keV sterile neutrino as well as a stable cold dark matter candidate simultaneously.
In the model with radiative Dirac neutrino mass and tree level right handed neutrino
mass, one can have light neutrinos even for light right handed neutrino masses MR. This is
due to the one-loop suppression in Dirac neutrino mass term MD which appears in the light
neutrino mass formula for type I seesaw as
mν = −MDM−1R MTD
Thus, even for GeV scale right handed neutrinos, one can have sub eV light neutrino mass
without unnatural fine tuning in the Dirac neutrino masses. Such GeV scale right handed
neutrinos can have interesting implications for experiments like 0νββ and colliders, to be
discussed below.
VI. IMPLICATIONS FOR 0νββ
Due to the presence of several new vector, scalar and fermionic particles in LRSM, one
can have various new physics contribution to neutrinoless double beta decay (0νββ). The
relevant Feynman diagrams and the calculation details can be found in several earlier works
[48] and references therein. Apart from the SM contribution mediated by light neutrinos and
WL bosons, there can be contributions from (a) Right handed neutrino and WR, (b) Mixing
between heavy and light neutrinos (c) WL −WR mixing and (d) Triplet scalars in type II
seesaw scenarios. Here we consider only the right handed neutrino with WR contribution as
new physics and ignore the active-sterile, WL −WR mixing and triplet scalar contributions.
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FIG. 4. Light and heavy neutrino contributions to 0νββ for MWR = 3 TeV, lightest right handed
neutrino mass ∼ 1 GeV with Majorana CP phases α = β = pi/2. The horizontal black lines
correspond to the upper bound Mee < (0.12 - 0.25) eV [18] at 90% C.L.
FIG. 5. Light and heavy neutrino contributions to 0νββ for MWR = 3 TeV, heaviest right handed
neutrino mass ∼ 10 MeV with Majorana CP phases α = pi/2, β = pi. The horizontal black lines
correspond to the upper bound Mee < (0.12 - 0.25) eV [18] at 90% C.L.
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FIG. 6. Constraints onMWR−mlightest andMWR−MNheaviest from experimental constraints on 0νββ
lifetime. Both the panels corresponds to inverted hierarchy with Majorana CP phases α = β = pi/2
and lightest right handed neutrino mass ∼ 1 GeV.
FIG. 7. Constraints onMWR−mlightest andMWR−MNlightest from experimental constraints on 0νββ
lifetime. Both the panels corresponds to normal hierarchy with Majorana CP phases α = pi/2, β = pi
and heaviest right handed neutrino mass ∼ 10 MeV.
The amplitude of the light neutrino contribution is given by
AνLL ∝ G2F
∑
i
miU
2
ei
p2
(9)
where p ∼ 100 MeV is the average momentum exchange of the process, mi(i = 1, 2, 3)
are the masses of three light neutrinos and U is the standard Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) leptonic mixing matrix. The contribution from the heavy neutrino and WR
exchange can be written in the limit Mi ≫ p as
ANRR ∝ G2F
(
MWL
MWR
)4∑
i
V ∗2ei
Mi
(10)
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where V is the heavy neutrino mixing matrix and Mi(i = 1, 2, 3) are the masses of heavy
right handed neutrinos. Thus the total contribution to (0νββ) process is
ΓNDBD
ln2
= G
|Mν|2
m2e
(∣∣MLLee ∣∣2 + ∣∣MRRee ∣∣2
)
(11)
where
MLLee =
∑
i
U2Leimi, M
RR
ee = p
2
M4WL
M4WR
∑
i
V ∗2ei
Mi
are effective neutrino masses corresponding to light neutrino and heavy neutrino exchanges
respectively. Here, Mν is the nuclear matrix element.
Now, for LRSM with universal seesaw, the light and heavy neutrino mass matrices are
related by a factor x =
v2
R
v2
EW
where vEW = 246 GeV. Similarly in the radiative type II seesaw
model, they are related by a factor x = vR
vL
which is also true for tree level type II seesaw
model. Since the heavy and light neutrino mass matrix is similar upto a factor, we can
consider U = V in the above expressions. Also the mass eigenvalues will be related by the
same numerical factor x. Thus, the new physics contribution can be written as
MRRee = p
2
M4WL
M4WR
∑
i
U∗2ei
xmi
Using the standard parameterisation of PMNS mixing matrix in terms of three angles and
three CP phases (one Dirac and two Majorana phases), one can write down the light neutrino
contribution as
MLLee = m1c
2
12c
2
13 +m2s
2
12c
2
13e
2iα +m3s
2
13e
2iβ (12)
where cij = cos θij , sij = sin θij , θij being the mixing angles and α, β are Majorana CP
phases. Fixing the lightest right handed neutrino mass to be 1 GeV and hence x =
109/mlightest, we calculate the heavy neutrino contribution to the effective neutrino mass.
The contribution is found to be minimal for Majorana CP phases α = β = π/2 as shown
in figure 4. It can be seen from the figure that such a scenario with MNlightest = 1 GeV,
MWR = 3 TeV and normal hierarchy of light neutrinos is ruled out from existing experimen-
tal constraint. For inverted hierarchy also, the region for mlightest ≥ 0.01 eV is ruled out
whereas the mlightest ≤ 0.0001 eV region contribution almost coincides with the experimental
upper bound. Choosing different values of Majorana phases rules out even more parameter
space.
Similarly, we calculate the right handed neutrino contribution for masses ≤ 10 MeV.
In such low mass regime, the right handed neutrino contribution has a similar expression
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as standard light neutrino contribution upto a scaling factor of gauge boson mass ratio.
The right handed neutrino contribution is found to be minimal for Majorana CP phases
α = π/2, β = π as seen from figure 5. It can be seen that inverted hierarchy of light neutrino
spectrum is already ruled out for such a case with MWR = 3 TeV. The normal hierarchical
scenario survives only in a narrow region of parameter space around mlightest ≈ 0.0025 eV.
After showing the allowed parameter space for a specific choice ofMWR , we show the allowed
regions of MWR −mlightest and MWR −MNheaviest(MWR −MNlightest) parameter space in figure
6 and 7, by incorporating the experimental upper bound on 0νββ amplitude. As seen from
figure 7, one can still have keV scale right handed neutrino along with a TeV scale WR after
incorporating experimental constraints on 0νββ lifetime.
VII. COLLIDER SIGNATURES
Depending on the origin of light neutrino masses, there can be different collider signatures
for the new physics sector responsible for it. If neutrinos are Dirac fermions such that νL, νR
form a Dirac fermion with eV scale Dirac mass, then one can not have on-shell production
of same sign dilepton plus dijet signatures mediated by WR bosons. Such a process was
proposed [49] to be a clean signature of right handed gauge bosons with heavy Majorana
neutrinos. In these scenarios WR boson can decay into eR, νR final states in a way similar
to WL decay into eL, νL. Also, due to the presence of scalar doublet dark matter candidate,
WR can also have decay into dijet plus missing energy through W
±
R → η±R , η0R → jjη0Rη0R or
W±R → W ∗±R , η0Rη0R → jjη0Rη0R. Here η0R in final states can give rise to missing energy, if it is
the lightest neutral particle stabilised by the remnant Z2 symmetry.
However, if neutrinos are Majorana fermions and heavy neutrinos are in the GeV-TeV
range with TeV scale WR, they can be constrained by LHC data from the search of dilepton
plus dijet. For even lower masses of right handed neutrinos say, in the keV regime, LHC
sensitivity may not be enough and one has to go for alternate probes like neutrinoless double
beta decay, discussed above. Apart from heavy neutrino mediated dilepton plus dijet final
states, one can also have other interesting collider signatures due to the presence of additional
scalars. The scalar sector of MLRSM and some of its minimal variants have been extensively
studied by several groups [50]. In the model with radiative type II seesaw, one can have
light doubly charged scalars similar to MLRSM. However, their collider signatures can be
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entirely different. The present LHC lower bounds on doubly charged scalar masses (465-550
GeV for Mδ++
L
, 370-435 GeV for Mδ++
R
) [51] are derived by considering 100% branching ratio
into same sign lepton pairs. In the radiative type II seesaw model discussed above, the
doubly charged scalars do not have tree level coupling to the leptons and hence their decay
into lepton pairs will be suppressed. Thus, the above bounds are not applicable and one
can have lighter doubly charged boson as well. In the model discussed here, one can have
δ++L →W+L W+L or δ++L → η+L η+L → W+LW+L η0Lη0L with theWL boson finally decaying into two
jets or leptons. Considering leptonic final states only, both the decay modes can contribute
to same sign dilepton plus missing energy signatures. Similar conclusions can be made for
right handed doubly charged scalar δ++R as well.
In the model with radiative type I seesaw, the doubly charged scalars have tree level
coupling to leptons. However, the neutral component of the left handed triplet does not
acquire any vev. Therefore the decay channel δ++L →W+L W+L is absent. However ∆L,R still
couples to scalar doublets ηL,R and hence both δ
++
L → l+l+ and δ++L → η+L η+L → W+LW+L η0Lη0L
are possible in such a scenario. Same conclusion can be made for right handed triplet scalar
as well.
VIII. COSMOLOGICAL IMPLICATIONS
A. Light Sterile Neutrinos in Cosmology
Cosmological implications for sterile neutrinos with masses from eV scale to GeV-TeV
scale are well described in the recent review [21]. Here we focus only on the eV-keV range
as the above analysis was primarily focussed on generating sterile neutrino masses in this
range. The left-right symmetric model with light sterile neutrinos in eV to keV scale along
with a cold dark matter candidate as discussed above can have interesting implications for
cosmology. If one or more of the right handed neutrinos have masses in the eV range, then
they can contribute to the total radiation content of the Universe. Such extra relativistic
degrees of freedom may affect the big bang nucleosynthesis (BBN) predictions as well as
cause changes in the cosmic microwave background (CMB) spectrum. The latest cosmology
data from Planck experiment [23] constrains the the effective relativistic degrees of freedom
Neff < 3.7.
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In the model where the light neutrinos are Dirac, the right handed components contribute
extra degrees of freedom to Neff. As shown in [52], this can evade the BBN bound if the
right handed neutrinos decouple much earlier that is TDνR > T
D
νL
. The νR contribution to Neff
gets diluted due to the decrease in effective relativistic degrees of freedom g∗ as the Universe
cools down from TDνR to T
D
νL
:
Neff ≈ 3 + 3
(
g∗(T
D
νL
)
g∗(TDνR)
) 4
3
Since g∗(T
D
νL
) = 10.75 for the relativistic degrees of freedom in SM at T = TDνL ≈ 1 MeV, the
right handed neutrinos can evade the Planck bound if g∗(T
D
νR
) > 32.02. This implies that
the right handed neutrinos should decouple before the QCD phase transition temperature
200-400 MeV. The decoupling temperature of right handed neutrinos can be calculated by
following the same procedure for left handed neutrinos and replacing the WL mass with WR.
In terms of TDνL , it can be written as
TDνR ≈ (g∗(TDνR)1/6
(
MWR
MWL
)4/3
TDνL
Demanding TDνR > 400 MeV and taking T
D
νL
≈ 1 MeV, we can arrive at the bound on MWR
as
MWR > 4.3 TeV (13)
where we have considered g∗(T
D
νR
) ≈ 60, which is the number of relativistic degrees of freedom
just above the QCD phase transition temperature. The bound on WR mass from cosmology
in this scenario is stronger than the direct search limits discussed earlier. Similar bounds
will also be applicable in those models where active neutrinos are Majorana but one or two
of the sterile or right handed neutrinos have masses in the eV scale.
Even if the light right handed neutrinos decouple before the QCD temperature, they can
again be produced at lower temperatures through active-sterile oscillations. This can again
be in tension with the Planck bound on the relativistic degrees of freedom. In the scenarios
discussed above, such a situation can occur for the model with particle content shown in table
II. For the particle content in table II, both active-active, sterile-sterile and active-sterile
mass terms can appear at one loop level. Similarly, in the LRSM with universal seesaw
also, one can have sizeable active-sterile neutrino mixing by suitably choosing MDN ,M
M
N in
equation (6). Due to large active-sterile mixing, flavour oscillations will produce the sterile
neutrinos at low temperatures making such a scenario highly disfavoured from cosmology.
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Additional new physics is required to suppress such late production of sterile neutrinos
through flavour oscillations [53].
The dark matter phenomenology can be very rich if we have a keV scale sterile neutrino
along with a stable dark matter candidate with electroweak scale mass or above. As discussed
before, such a possibility exists in the radiative type II seesaw model if we want to keep
the right handed gauge bosons near the TeV corner. In LRSM with universal seesaw, the
symmetry breaking scale has to pushed high in order to have keV right handed neutrinos
whereas in the radiative type I seesaw model, unnatural fine tuning is required to generate
keV scale right handed neutrino masses, similar to the MLRSM. As discussed in [21, 40, 41]
such keV sterile neutrinos with gauge interactions, remain in thermal equilibrium in the
early Universe and remain like a thermal relic after their freeze-out. Typically, for TeV
scale masses of these additional gauge bosons, these sterile neutrinos decouple at a low
temperature, leading to overproduction. Such an overproduction can be avoided by late
time entropy release from the decay of a heavier particle into the SM particles [54, 55]
after the freeze-out of keV sterile neutrino. Using these prescriptions, the authors of [40]
showed that the right handed gauge bosons have to be heavier than 10 TeV for correct
abundance of keV sterile neutrino dark matter in MLRSM. Later, a more careful study [41]
found a tiny window near WR mass of 5 TeV for which a keV sterile neutrino dark matter of
mass 0.5 keV can give the correct relic abundance. Similar analysis can also be performed
within the models discussed in this work. Similarly, the cold dark matter analysis can also
be performed in the usual way of calculating relic abundance after freeze-out. Analysis of
scalar doublet dark matter in LRSM was recently done by [56]. However, due to the mixed
dark matter scenario, a careful detailed calculation is required, as the late time entropy
release to suppress the WDM abundance will also affect the abundance of CDM. Such a
mixed dark matter model can be very interesting from astrophysical structure point of view,
as it may provide a way to solve the small scale structure problem [57]. This can also be
interesting from dark matter experiments point of view as the cold component can provide
signatures at gamma ray experiments [58] whereas the warm component with mass around
a few keV can be responsible for the anomalies at X-ray telescopes [59–61].
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B. Formation of Domain Walls
The models studied in this work have additional discrete symmetries like Z4 which gets
spontaneously broken. Such spontaneous breaking of exact discrete symmetries may have
serious cosmological implications as they lead to the formation of domain walls (DW). These
domain walls, if stable on cosmological time scales, will be in conflict with the observed
Universe [62, 63]. Generic left-right symmetric models suffer from the problem of DW due
to the spontaneous breaking of discrete left-right symmetry, known as the D-parity. This
is a Z2 symmetry which relates the couplings in the left and right sectors in the LRSM.
Several works [64] pointed it out and also studied a possible way to get rid of these walls.
If these walls appear before cosmic inflation, then their density in the present Universe will
be too diluted to be of any relevance. But even if we do not assume anything about the
scale of inflation, then also one can address the issue of DW by adopting the mechanism
suggested by [65, 66]. The authors in these works considered higher dimensional Planck
scale suppressed operators to be the source of domain wall instability which make them
disappear. As observed by the authors of [64], the implementation of this mechanism as a
solution to the DW problem in LRSM typically puts an upper bound on the scale of gauge
symmetry breaking. Implementing the same mechanism in all different versions of LRSM
discussed in this work is beyond the scope of this present work. Since this is expected to
put only an upper bound on the scale of symmetry breaking, the low energy phenomenology
discussed in this work are not going to be affected. However, such an implementation of
DW disappearance mechanism should also take care of the longevity of the dark matter
candidate in the model. A detailed study of these possibilities is left for a future work.
IX. CONCLUSION
We have presented a class of left-right symmetric models without the conventional Higgs
bidoublet that allows the possibility of having light sterile neutrinos along with a cold dark
matter candidate stabilised by additional discrete symmetries. The charged leptons acquire
masses through a universal seesaw mechanism due to the presence of additional vector like
fermions. The neutrinos can either acquire masses through the same universal seesaw or
through one loop radiative corrections, if suitable particles are added with non-trivial trans-
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formations under additional symmetries. The same additional symmetry can also stabilise
one of the particles going inside the loop in neutrino mass diagram, resulting in a stable
dark matter candidate. Depending on the additional particles and symmetries, the light
neutrinos can be either Dirac or Majorana. In case of Dirac light neutrinos, the dark sector
is composed of only cold dark matter component. However, in case of Majorana light neu-
trinos, the one or more of the right handed neutrinos can have mass in the eV-keV range
without any unnatural fine tuning of the Yukawa couplings. A keV sterile neutrino can
be a warm dark matter candidate giving rise to a mixed dark matter scenario along with
the cold component. Such light right handed neutrinos can have interesting implications
for neutrinoless double beta decay and collider experiments, constraining the right handed
gauge boson masses. Cosmology constraints on the number of relativistic degrees of freedom
also constraints the right handed gauge boson masses to be heavier than a few TeV so that
the right handed neutrinos get decoupled before the QCD phase transition temperature.
A detailed calculation of the relic abundance of such mixed dark matter scenario is worth
investigating and we leave it for a future work. We also briefly comment upon the possible
ways to get rid of domain walls that are formed due to the spontaneous breaking of discrete
symmetries in the models.
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